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METHOD OF AND APPARATUS FOR MONITORING OPERATION 



OF A CATALYTIC CONVERTER 



The present Invention relates to a method of and 
an apparatus for monitoring the operation of a cataly- 
tic converter. 7 

In orderto meet Increasingly stringent restrictions 
on the emissions of certain gases by automotive inter- 
nal combustion engines, it is common nowadays for 
Oh . exhaust systems of such engines to include 
catolyhc converters. The exhaust gas from the engine 
passes through such converters and pollutant gas 
constituents are converted into less undesirable 

tnT* V* within the converter for venting 

to the atmosphere. In the case of so-called "two-way 
catalytic converters", unbumt and partially burnt hyd- 
rocarbons are converted to water and carbon dioxide 
TJS^T Tf" 8 fe COnverted to carbon dioxide 
^nf. a l° n " *?* 0886 ° fs ^ called "three-way con- 
ZTZ Performs the additional conver- 

sfon of nitrogen oxides into nitrogen and oxygen by 
chemical reduction. y 

HfetJUl^!! Withl " SUCh converters "as a limited 
lifebmesothattheemclencyofthe converter deterior- 
ates with age and use. Also the catalyst can be deg- 
raded or -poisoned- by the presence of some 
ponutents such as lead compounds, in the exhaust 
gas. It is also possible for the converters to be dam- 
aged during use. for instance by fracturing causing 
leaks to the atmosphere of exhaust gas. For these 
LTZ** d !f irabIe to ™nitor ^ performance of 

b^l^ZTr and ' ln Some 'egi^tures, this fs 
oecoming a statutory requirement 

It has been proposed, for instance In US 3882451 

43152 f' * m ° nitor P^onnance o?a 
catalytic converter by measuring the temperature dif- 
ference between exhaust gas entering the converter 
and exhaust gas leaving the converter. In the case of 
an efficient converter, the chemical reactions takino 
Place within the converter generate heat so that the 
temperature of exhaust gas leaving the converter 
should be greater than the temperature of exhaust 
gas entering the converter. The tempera ture differ- 
ence is thus taken as an indication of the efficiency of 
operation of the converter such that, if the tempera- 
ture difference is less than a threshold value, the con- 
verter is indicated as being inefficient or beyond its 
working life. However, problems can arise with this 
technique because the temperature difference can 
rail and even become negative, for an efficient con- 
ZfZll ! ° 8rtain °P era «"9 conditions of an inter- 
JJ" 1 !" e "9 ine - For '"stance, when a throttle 
controlling the admission of a combustible mixture to 
the engine is opened, the temperature of exhaust gas 
entering the converter can rise dramatically but 
because of thermal lags, the temperature of exhaust 
gas eaving the converter rises more slowly. This can 
result in an indication of incorrect operation of a con- 
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verier which is actually operating efficiently. 

™ JZ' , ^ P r blemS Ca " OCCUr durin 9 o^er modes of 
operation of the engine giving rise to spurious or tran- 
sient temperature differences which are detected as 
indicating inefficient operation of the converter 
fa J. * CC ? r ? n9 to a fvst aspect of the Invention, there 

caWyUcconverterforexhaustgas of an internal con> 
burton engine ^comprising the steps of measuring the 
enty temperature of exhaust gas entering the con- 
verter .measuring the exit temperature of exLustgas 
teav^g the converter, forming the deference betwee^ . 
the exit temperajure^ndfte entry temperature and ~ 

to provide-a measure of convlrf^p£ 

According to a second aspect of the invention 
there is provided an apparatus for monitoring 0^ 
ation of a catalytic converter for exhaust gal 3Tn 

P^tore?en S b r; i0n en9 ' ne - 8 filSt «^ 

Peratore sensor for measuring the entry temperature 

of exhaust gas entering the converter, a second teT 
exhaust gas leaving the converter, means forforming 

rn^S enCe . betWeen 108 exft temperature and tie 
entry temperature, and means for processing the dfe 
erence jncludl^a^gra! term 
ure of operation of theconverter.* 
fom J he Passing may amount to Integrating the dif- 

S '" dUde ,ow 0388 rateringwhicn has an 
Integral term In the transfer function 

fflteU fo " nd by fnte 9ra«ng or low pass 

verter operation can be used for various purposes. 
For instance, a visible or audible warning may be 
given to a vehicle driver when the measure remains 

™ 3 , threSh ° W ' eVel SO as to a,ert *e driver to the 
relatively poor condition of the converter. The meas- 
ure of converter operation may be stored for access 
to service personnel. 

fa JT efera < b,y ' rate ° fmass of exhaust gas 
is measured and Is used In the integration. For inst- 
ance, the .integration may be perfomied on the pro- 
duct of the temperature difference and the rate of 
mass flow. The integration may be performed continu- 
ously or may be performed for a predetermined time 
period or for the flow of a predetermined mass™ 
exhaust gas through the converter. 

The measure of converter operation may be com- 
pared w,th a threshold value such that an indication of 
a worn or damaged catalytic converter is provided 
when the measure of converter operation is less than 
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the threshold value. This provides a reliable indication 
that the chemical action within the converter has fallen 
to a level which is too low and is therefore causing 
insufficient heating of the exhaust gas passing 
through the converter. 

In order to avoid the effects of starting an engine 
from cold or for varying operating conditions of the 
engine, the monitoring of the catalytic converter may 
be limited to specified times or conditions, for instance 
operation of the engine at substantially constant 
engine speed, after a predetermined time from initially 
starting the engine, or after the engine has reached a 
range of normal operating temperatures. 

According to a third aspect of the invention, there 
is provided a method of monitoring operation of a 
catalytic converter for exhaust gas of an internal com- 
bustion engine, comprising measuring t he difference 
between heat removed from the converter by exhaust 
gas and heat supplied to the converter by exhaust 



According to a fourth aspect of the invention, 
there is provided an apparatus for monitoring oper- 
ation of a catalytic converter for exhaust gas of an 
internal combustion engine, comprising means for 
determining the difference between heat removed 
from the converter by exhaust gas and heat supplied 
to the converter by exhaust gas. 

By measuring the "heat balance" so as to ascer- 
tairfthe heating effect caused by chemical reactions 
within the catalytic converter over a period of time, a 
reliable measure of the efficiency of operation of the 
converter can bepbjained which is substantially 
insensitive to s^imous or transient changes in heat 
flow caused by variations in operation of the internal 
combustion engine. A measure of inefficient operation 
is provided when the average rate of heat production 
caused by chemical reactions within the converter 
fells below a threshold value corresponding to the limit 
of efficient operation. 

It is thus possible to provide a reliable measure of 
operation of a catalytic converter which is substan- 
tially immune to the effects of varying conditions of 
engine operation and other interfering factors. Failure 
or expiry of the life of the converter can therefore be 
reliably monitored which, in turn, allows the full work- 
ing life of a converter to be exploited without prema- 
ture replacement while ensuring that exhaust gas 
pollutants are maintained within acceptable or statut- 
ory limits. 

The invention will be further described, by way of 
example, with reference to the accompanying draw- 
ings, in which : 

Figure 1 illustrates an arrangement of tempera- 
ture sensors for a catalytic converter in an 
exhaust system of an automotive vehicle ; 
Figure 2 is a block schematic diagram of a con- 
verter monitor constituting an embodiment of the 
present invention ; 



Figure 3 is a graph showing temperatures in deg- 
rees centigrade against fame in seconds 
5 measured by the sensors in Figure 1 and show- 

ing, at the bottom of the graph, a curve represent- 
ing the rate of mass flow of exhaust gas through 
the converter ; 

Figure 4 is a graph illustrating the integral of heat 
10 flow difference against time in seconds with the 
time axis corresponding to that of Figure 3 ; 
Figures 5 and 6 correspond to Figures 3 and 4, re- 
spectively, for a worn but usable catalytic con- 
verter; 

is Figure 7 and 8 correspond to Figures 3 and 4, re- 
spectively, for a converter which is identical in 
construction to the converter whose performance 
is illustrated in Figures 3 and 4 but which does not 
contain any catalyst ; 

20 Figure 9 illustrates the performance of several dif- 
ferent converters in terms of the integral of tem- 
perature difference with respect to time in 
seconds ; and 

Figure 10 illustrates the integrals of heat differ- 

25 ence for the same converters as Figure 9 against 
a corresponding time axis. 
fSPSli^i shows a catalytic converter 1 connected 
in the exhaust system of an automotive internal com- 
bustion engine and receiving exhaust gas from the 

30 engine In the direction indicated by arrow 2, the rate 
of flow of exhaust gas mass being indicated by dM/dt 
The up-stream temperature T^ of the exhaust gas 
entering the converter 1 is measured by means of a 
temperature sensor 3. The downstream temperature 

35 Tds of exhaust gas leaving the converter 1 is 
measured by a temperature sensor 4. 

The temperature sensors 3 and 4 are connected 
to the subtracting and non-subtracting inputs of a sub- 
tracter 5 which forms a temperature difference signal. 

40 The temperature difference signal is supplied to a first 
input of a multiplier 6 whose second input receives a 
signal representing the rate of mass flow of exhaust 
gas dM/dL The mass flow rate signal dM/dt is supplied 
from a fuel injection system 8 which measures or cal- 

45 culates, at least approximately, the rate of mass flow 
or a parameter from which this can easily be derived. 
The fuel injection system forms part of an engine man- 
agement system 9 which controls operation of the 
internal combustion engine. The multiplier 6 thus pro- 

so vides an output signal which represents the product of 
the measured temperature difference and the rate of 
mass flow, and this output signal is integrated with 
respect to time by an integrator 7. 

As is immediately apparent, this integration is 

55 equivalent to integrating the temperature difference 
with respect to exhaust gas mass, which in turn is 
equivalent to forming the integral of heat difference 
between heat supplied to the converter by exhaust 
gas and heat removed from the converter by exhaust 
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emJZZlfj"* 4 a ' UStrate me Prance of an 
2S^l!fS te C ° nVerter 38 me *sured by the mon£ 

chain dot curve atthe bottom of this graph S^ateS 
spondmg to a predetermined program of engine ope^ 

ately 220 seconds after starting the enoino «!T 

the downstream temperature progressives 
mcreases. For much of this period, the u^relm ZZ 

Ln lt * hB8t be,n9 absorbe d In the converter 
St^ri 988 88 0,6 exhaust warms up 

enoiiTJ^ Wa " n - up phase ^ operation of the 
engine has been completed, the downstream tem! 

EtrSed !nS C, i ar < "* * e " 9ine ° pera «ons so 

41,6 upstream temperature flue- 
totes over a substantial range, depending on mt 
actual mode of operation of the engine whereto £f 

tne effects ofthe upstream temperature variation and « 
remains relafively stable. The h^herTemperatore^ 

2? I 988 ,eaVfn9 the converter oompared wito 
thegas entering the converter is caused by the onv 
ducbon of heat by the catalyst during me chernlS 

and carbon monoxide into water and carbon dtoxiS 

In iTr^T*™ ° XideS lnt ° n,tro9 °" oxygen 
m the case of a three-way converter 9 

enJ^ 9 r U r 4 i|. ,US ^ teStheinte9ra,ofneat flowdiffer- 
enceforanefficientcatalyticconverter.Duringtheinl 
tial warm-up phase, heat is removed from the exhaist 
gas so as to heat up the catalytic converter to te wortl 
mgtempeiatum.However.once the working tempeS- 
taire has been achieved, the catalytic conveZ 

4therefo re shows a continuing upward trend from a 

Sme ST ate,y 200 SeC ° ndS and «• ,nd, oates 
that the catalytic converter is operating efficiently. 

thosTof R "** ° f R9UreS 5 and 6 correspond to 
those of Figures 3 and 4. respectively, for a catalyst 55 

whichlswombutwhlchissfllloperatlngatacceptaDre 

senting me integral of heat flow difference shows tht 
same continuous* rising trend as that of Figure^ but 
wrth a reduced slope Indicating that the raWhea 



production by the catalyst is lower than In the case of 
trated ,n Figures 3 to 6. for instance in terms of heS 

upstream temperature fluctuating rather nS' than 
the downstream temperature, whose tempJa^ 

converter. As shown In Rg ure 8i heat Is removed frZ 

S3T" 1 988 ^ Sg uZ 

normal operating temperature and. once thfe n « 
been achieved, there Is virtually no neatTpuTS 
put through the converter. Thus, after a tlL ^ 
approximately 250 seconds, the curve oJ RouTa °f 

level continuously so as to indicate expiry or feiliirT«f 

eperaltaa fa. a considerable «me1S^LaH2S 
enesetoe. to™ * xamilM ^ 

inn »t ? 1 P^eteimined value and compar- 
ing this with a threshold time or by iroasurino ftl 
change in value of the Integra, over a 232*2 
hme period and comparing this with 'fSSSSS 

IS COnveners ' m * ^ng trend of the curve fe 
monotonlc and relatively smooth, so that f£%£ 

ZXSTSi ^ 8 predete ^o mreshola 
slope with a high degree of sensitivity and reliability 

is connSif T an — 11 2KK. 
whSe s?" nri h8 ° Utput0fthe oomparator 10 and 
whose second mput receives an enable signal from 

oD^SnT. * e e " 9,ne has reacned normal 
wTenth " „ TT^ 9 ' and m ^ te Produced Sy 
s^Th ^ en9, l e,80peratin 9«t«'bstantIallyoonst a rt 

SS^S??*^ 11 bau PP«edtoantlT 
cator 12 for inditing the state of the catalytic con- 
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In a possible modification, the multiplier 6 Is omit- 
ted and the integrator 7 integrates the temperature dif- 
ference with respect to time. Figure 9 and 10 provide 
a comparison of this technique and the previously 
described technique of integrating the heat flow differ- 
ence, respectively, for five different converters with 
the curves being labelled in accordance with the state 
or construction of the respective converter. The bro- 
ken line curves in Figures 9 and 10 represent a blank 
converter of the type whose operation Is illustrated in 
Figures 7 and 8. The other curves represent func- 
tional converters subjected to use over 2,000 miles, 
67,000 miles, 600 miles on leaded fuel, and 1,800 
miles on leaded fuel. The time period Illustrated in Fig- 
ures 9 and 10 is the first 600 seconds following start- 
ing of the engine from cold and including substantially 
opened values of engine throttle after approximately 
300 seconds. 

The curves of Figure 1 0 correspond to the curves 
illustrated in Figures 4, 6 and 8 with each curve rep- 
resenting an active converter increasing monotoni- 
cally without substantial fluctuations whereas the 
curve for the blank converter extends substantially 
horizontally. In Figure 9, the same general trends are 
apparent for the working converters. However, the 
curve for the Wankconverter shows a rising tendency, 
albeit with a slope substantially less than for any of the 
working converters. Thus, although the efficiency of 
operation of the converter can be determined from the 
integral of temperature differences across the cataly- 
tic converter, the integral of heat differences across 
the converter provides a more sensitive measurement 
of efficiency which Is more immune from the effects of 
changes or variations in engine operation. 



Claims 

1. An apparatus for monitoring operation of a cataly- 
tic converter for exhaust gas of an internal com- 
bustion engine, comprising a first temperature 
sensor for measuring the entry temperature of 
exhaust gas entering the converter, a second 
temperature sensor for measuring the exit tem- 
perature of exhaust gas leaving the converter, 
and differencing means for forming the difference 
between the exit temperature and the entry tem- 
perature, characterised by processing means (7) 
for processing the difference to provide a meas- 
ure of operation of the converter (1), the proces- 
sing means (7) having a transfer function 
including an integral term. 

2. An apparatus as claimed in Claim 1, character- 
ised in that the processing means comprises an 
integrator (7). 

3. An apparatus as claimed in Claim 1 , character- 



ised in that the processing means (7) comprises 
a low pass filter. 

5 

4. An apparatus as claimed in any one of the pre- 
ceding claims, characterised by a multiplier (6) 
connected between the differencing means (5) 
and the processing means (7) and arranged to 

ro form the product of the difference and the rate of 
exhaust gas mass flow. 

5. An apparatus as claimed in any one of the pre- 
ceding claims, characterised by a comparator 

15 (10) for comparing the measure of converter 
operation with a threshold. 

6. An apparatus as claimed in any one of the pre- 
ceding claims, characterised by enabling means 

20 (11) for enabling monitoring of the operation of 
the converter only during predetermined oper- 
ational modes of the engine. 

7. An apparatus as claimed in Claim 6, character- 
25 ised in that the enabling means (11) is arranged 

to enable monitoring only when the engine tem- 
perature is greater than a predetermined tem- 
perature. 

30 8. An apparatus as claimed in Claim 6 or 7, charac- 
terised in that the enabling means (11) is 
arranged to enable monitoring only at substan- 
tially constant engine speed. 

35 9. An apparatus for monitoring operation of a cataly- 
tic convector for exhaust gas of an internal com- 
bustion engine, characterised by means (3-7) for 
determining the difference between heat 
removed from the converter (1) by exhaust gas 

40 and heat supplied to the converter by exhaust 
gas. 

10. A method of monitoring operation of a catalytic 
converter (1) for exhaust gas of an internal com- 

45 bustion engine, comprising the steps of measur- 

ing the entry temperature of exhaust gas entering 
the converter (1), measuring the exit temperature 
of exhaust gas leaving the converter (1), forming 
the difference between the exit temperature and 

so the entry temperature, and subjecting the differ- 

ence to processing by a transfer function having 
an integral term to provide a measure of converter 
operation. 

55 11. A method as claimed in Claim 10, characterised 
in that the processing comprises integrating. 

12. A method as claimed in Claim 10, characterised 
in that the processing comprises low pass filter- 
ing. 
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asc,almed '" anyone ofthe preceding 
M«ed bytnerateofexhaustga8mass 
ine processing step. 

14. J method as claimed fn anyone of the preceding 
daims. characterised by comparing the measuS 
of converteroperation with a threshold. 

15. ^method as claimed in anyone ofthe preceding 
da,ms, characterised by enabling montoring o? 

abonal modes ofthe engine. 

t7*£ 88 tn C,aim 15 ' characterised 

byenablmgmonrtoringonly when the engine tem- 
perafcra , s greater than a predetermined tern- 



10 



15 



aeXlnLT ", 9 m ° nitorin9 on 'y at 
naiiy constant engine speed. 

18. A method of monitoring operation of a catalytic 
Z2n?^ fo ^xhaust gas of an interna cot 
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